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TRAC METHODS AND MODELS
by
J. H. Mahaffy, D. R. Liles, and T. F. Bott

EFnergy Division
Los Alamos National Laboratory
University of California
Los Alamos, New Mexico 87545

ABSTRACT

The numerical methods and phyvsical models used 1in the Transient
Reactor Analystis Code (TRAC) wverslons PD2 and PFl are discussed.
Particular empnasis 1Is placed on TRAC-PFl, the version asapecifically
designed to analvze small-hreak loss-of-coclant accidents (LOCAs).



I. INTRODUCTION

The Transient Reactor Analysis Code (TRAC) was originally chartered as
an advanced hest-estimate code for large-break LOCA analysis of pressurizeT
water reactors (PWRs). However, during the development of TRAC-PD2,
attention was shifted to small-break LOCAs by the accident at Three Mile
Island (TMI). Minor modifications were made to PD2 to allow reasonably
efficient and accurate calculations of small-break accidents, but TRAC~PFI
was designed specifically as a high-performance, best-estimate code for
analyzing these events.

Most TRAC-PD2 development 1involved improving he calculation of
reflood beyond the capability available in TRAC-PIA.” The largest single
change was the addition of two~-dimensional! rod heat conduction with
automatic fine-mesh rezoning for accurate tracking of the quench front.
The method was similar to one already in use in COBRA.” An inverted annular
flow regime and subcooled boiling model were added to the code, and several
minor changes made to improve the behavior of the numerics during refill
and reflood. When the first attempts were made with this code to perform
analyses of TMI system damage, significant numerical mass conservation
errors were discovered. These were corrected by improving the matrix
solution nrocedures in the vessel component. Beyond this, no significant
changes weic required to allow PD2 to model this class of small-break
L0OCAs.

TRAC-PFl was created to correct a number of limitations in PD2. The
first was the time step restrictior. of the material Courant stability limit
(time step less than mesh length divided by material velocity). Although
PD2 could exceed this limit within fully implicit components, the limit was
atill in force in semi-implicit components and at all component Junctions.
In small-break accidents the time step size required by this limit is
almost always far smaller than the size required for reasonable accuracy if
stahil{itv {s ot a problem. In TRAC-PF] a stability-enhancing two-step
(SETS) method *”? is used to eliminate the material Courant limit from all
regions of a reactor modeled in one dimension. The computational cost per
cell per time step for SETS 1s ocnly one-fifth that of standard fully
implicit techniques and only 20% asore than the semi-implicit method. To
take full aavantage of this new numerical capability, a one-dimeusional
core component was added to PFl to allow modeling of an entire reactor
system in one dimension. The three-dimensiona) vessel also a3 retained so
that PFl contzins all the modeling features of PD2. Another limitation of
PD? was the use of a drift-flux formulation for the flow equaticas 1In
onc~dimens{onal cemponents. This form of the equations does uot adapt well
to the modeling of either counter-current or stratififed flow. In PFl, the
two-fluid model that was previously only avaflable in the three-dimensional
vessel model has bheen extended to the onc—dimenstonnal components,
permitting accurate cnlculations of counter—current flow and the addition
of a atrat{ified-flow regime. Other {important features {in PFl are an
additional field to allow for the tracking of noncondenstihle gns,
reactivity feedback, and sipgnificantly improved trip and contcol loglc.

In the following secttons details of the methods and models wused in
TRAC~PF1  are described. Comments are made where appropriate on the
differences from PD2.



II. FLOW EQUATIONS

Unlike TRAC versions preceding TRAC-PFl, the same two-phase (wo-fluid
model for fluild flow 1s wused now 1in both one~ and three-dimensional
components. In addition, a noncondensable gas component has been included
in the vapor field, recuiring one extra mass continuity equation.
Homogeneity and thermal equilikrium are assumed for the combined gas field.

The seven differential equations descriting the three-component
two-fluid model are:

Liquid Mass Equation
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In these equations the vapor densi{ties and energfes are sums of the
steam and noncondensable components

p, = p, +p 8

Dgog Sl L + Pala (9)

Currently, Dalton’s law 1{# assumed to hold so that

Py e, - (16 1
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A subscript of a 1s used for the noncondensable gas because it 1s used
primarily to model air. This defanlt can be overridden with input to use
the field for tracking hydrogen in severe accidents.

In addition to the thermodynamic relations that are required for
closure, specifications for the 1interfacial drag coefiicients (Ci)’ the
interfacial heat transfer (qi , the phase-change rate (T'), the wall shear
coefficients (C, ~and C 2) and the wall heat transfers (q,, and q ) are
required. Gamma §s evaluated from a simple thermal energy jugp relation,

-q4, — 4
r=_1& 1t (11)
hsg—h
where
(Tgg = T )
- g
Ug = Pight —57 (12)
and
(qu - Tl)
= h, oAy - .. 13
e 127 o7 (13)

Here A; and the h ‘s are the Interfacial avea and heat transfer
coefficients, and T, is the saturation temperature corresponding to the
partial pressure of ﬂtvnm.

Wall heat-transfer terms assume the form

T -

w »
a - AL, e 14
o ™ Pephan et (1)
and

T, = T

W 2
I S s R (")
where and A o are the actual heated surface areas of the celi, except

durinp &oflnnd when the average heat=transfer coefficfents reflect the
fraction of the heated surface area that s quenched.
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ITI. ONE-DIMENSIONAL FINITE-DIFFERENCE METHODS

In TRAC-PFl the spacial differencing in the one-dimensional components
is the same as that used in the three-dimensional vessel; however, a new
approach to time integration has been applied. As previously 1indicated,
the SETS method eliminates the material Courant stability limit from all
one-dimensional components. That limicv now only applies in vessels and at
junctions between vessels and one-dimensional components. Because the
finite—dif{egence method used 1in the veesel 1s documented thoroughly
elsewhere,  *“ we will only discuss the SETS difference equations here.

The stability—-enhancing two-step method consists of a basic step {that
is almost identical to the standard semi-implicit methods used in the
vessel) and a stabilizing step. For homogeneous flow, the ordering of
these steps does not matter. However, for two-fluid flow with noticeable
relative velocity 1t 1is necessary to do the stabilizing step for the
equations of motion before the basic step. When this stabllizing step
precedes the basic step, an initial explicit prediction of velocities gives
strong coupling through the interfacial drag terms without requirving direct
communication between the stabllizing equations for 1liquid and vapor
motion. To provide improved conservation and to minimize machine storaje
required in TRAC, the stabilizing steps for mass and energy equations are
done as the final portion of the calculation.

The spacial mesh used for the finite-difference equations 1s staggered
with thermodynamic properties evaluated at the cell centers and velocities
evaluated at the cell edges. For stability, flux terms at cell edges
require donor cell averages of the form

YV yp172 = Yy Vipr/20 V472 20 (16)

= Yyer Ve V172 €0

where Y can be any celli-center state variable or combination of such
variables and V may be either liquid or vapor velocity. With this notation
the firite-difference divergence operator for one—dimensional calculations
is

Vy = (A 2V g4y 72 7 Ay 2TV g ) ety an

where A is the local crous—-sectional area and vol, 18 the volume of the fth
cell. For the equaticng of motion the donor cell form of any VVV term is
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where AXj+1/2 is half the sum of AXj and AXj+1.

The finite-difference equations currently used (roughly in order of
their calculation) are:

Predictor for Equations of Motion
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Basic Equations of Motion
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Basic Mass Equations

[(@pg)™! = (ap)"]/at + ¥y « (ap vE*l) = T4 (25)
[@p )™ = (ap "] /8t + 95 + (ap VDt =0, (26)
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Basic Energy Equations
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Stahilizing Mass Equations
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[(1 _ a)n+l °E+1 - (1 - ) DE]/AC +9. . [(1 _ a)n+| pn+1 VE+1] - - Fn+1

2

3

(32)

Stabilizing Energy Equations
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A caret 18 used above velocities to denote explicit predicter values. A
tilde above a variable Indicates that {t 1s the r.sult of an intermediate
step and not a final value for the end of the time step. A horizontal line
above a quancity Indicates that it 1s obtafined with a 50% average hetween
values at adjacent cells. Subscripts denoting cell lncation that are
ahsent can be assumed to be j for mass and energv equations and j+1/2 for
equations of motion. Finally, 8 is the anple between a vector from the
center of cell j to the center of j+l and a vector polntinp straight up.

Time levels have bheen left off parts of the flux terms in Eqs. (25)
through (29) because they contain a mixture of old and new time quantities.
If X {s a combination of state variables without a time superscript, then
the correct definitfon for the divergence term in which it appears Is

+1 +1 .
VYD) = Ay VIR 2l f a2 X Q= Fg Xy (35)

+1
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wvhere

X] =g X" 4 (1 -g") x'j‘”. (36)

f 1is the weighing funciion used to obtain donor cell averaging [Eq. (7)],
aud g’ 1s a weighing factor depending on the rate of phase change that goes
to uvaity as phase change disappears and to zero as the phase change
approaches the total outflow of the phase created in the cell. For nonzero
g° this form of the diversence operator 1s nonconservative but total
conservation is maintained by the stabilizer step.

Equations (19) and (20} do not involve any fmplicit coupling betwemen
cells and can be solved rapidly for each cell. Becau - Eqs. (21) and (22)
de not couple to each other, each one requires only the solution of a
tridiagonal linear sy.tem. Equations (22) throngh (29), combined with the
necessary thermodynamic and constitutive equations, form a coupled system
of nonlinea[ equations. Equations (23) and (24) are solved directly to
obtatn vl ang V¥+‘ as dependent variabhles. Af ter substituting these
equations for velocitv into Fgs. (25) through 9), the resulting stem is
solved for the independent v:riables §“+?, pgif, ;“+Y, TQEY, aad §¥+i with
a standard Newtor {teration, including all coupliﬁg betwren cells. In
practice, the 1linearized equations solved during this {teration can bhe
reduced easilv tc a tridiagonal svstem {uvolving only total pressures. The
final five stab{lizing eguations [(30) thr?ugh (34)] are also simple
tridiagonal linear systems, as V2+ and VE+ are known after solving
Fqs. (20) through (26).

TV, INTERFACUAL CONSTITUTIVFE MODELS

The complete BRet of closure equations {s quite lengthy and involves
wall shear, a complex wall boiling curve, numecrous thermodynamic and
transport relations, and the (nterfacial exchanye terms. A detalled
discvssion of all of these equations {s beyond the rcope of this paper but
an abbreviated descrip:ion of the interfacial exchangze correlations has
been {1, luded for convenfence. The interfacial conatitutive equations are
basicallv identical for the one- and three-dimensfonal portione of
TRAC=-PFl. A peneric description of these relations will be given, and anv
differences hetween the one- and three-dimensional mndels will he noted.
The interfacial heat transfer during bojling and the Intﬂgfaclnl shear are
calcuiated 1n conjunction with a simple flow-repgime¢ map. Thisn flow-regime
map, although originallv developed for vertical pipe flow, 1r the saimplest
presciipt!on for defining the conaAtitutive equa*ionr by a rational means.

If the votd fractfon (s less than or equal to 0.3 (or a¢ 0.5 I
¢G> 2700 ku/mjs), a bubbly flow s assumed. The Interfactial surface area in
this repgime fr calculated 1n conjunction with a critical bubble Weher
numher We, . A value of We, = 7.5% fa used in the - enent  code versfon,

This value was chosen based on compartsons between th: 'RAC predict fons and
the experimental renults for low subcooling t hat ts, whear-dominated)
downcomer tests performed by Creare, Inc. The  exprension  relating

Intarfacial irface area to Hoh fu
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szs“b
- W
o b
or
We, o
b
R (37)
PeVy

where D, 1s the bubhle diameter. The_bubble diameter must lie between the
mesh-cell hvdraulic diameter and 107" m, For this diameter, and assuming a
uniferm bubble distribdutton within the mesh-cell volume (vol), the numher
of bubbles is

63 vol

CNR = —— 38)
nh (
b

and the Interfaclal area (s«

)
Ve

Ay - 6 a vol Pg omom (19)
W(-hﬂ

1f the relative velocity {a wery small, this area can become gmall
enough to allow significant nonequilibrium. Another wurface area,

A= amta?en o e (40)

based on a minfmum number densfty (Ny = l()“) huhhll'n/m.‘), in computed  and

the actunl surface area uked (s the Hnrp,«'r of the two.
The Hquid-nfde {nterfacial heat-transter coeftictent s the Inﬁg.-r of
an approximate formulation of the Pleaser-Zwick bubble growth model,

.'h\c

19 b

Nu = (T, - T p . (hv 1)
[ 3 ¢ »
: ! I”H(hﬂu - I\NQH

n
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and a sphere convection coefficlent,9

Nu = 2.0 + 0.74 Rep*> (42)
where

D

b
Reh - D'.Vr u— .

]

The lnterfacl?A shear coefficient is provided by a standard set of formulae
for a sphere,

e hﬂo )

o,

‘1 (43)

where
cy = 240 fer Rey <o.t

X/

- " for 0.1 < Rey <2,
Re, - -
or
- _-.l.H_'_? for Re, > 2 .
R 0.68 b
®h

If the cell-average mass flux {8 less thaey 2000 kn/mzu and the vanor
fraction (s between 0.3 and 0.5, the flow entera the slug regime. At the
maximum a of 0.5, 40% of the vapor {sn assumed to exist in the form of
traf ling bubbles with the remainder contalined {n the sluk. These  bubblen
probably contribute to the majority of the tnterfacinl heat transfer and
the liquid-aide coeff{ fent {s calculated from the heat-trunsfer relatigns
for the entrnined bubbles. If the manr flux {8 greater than 2700 kp/m“s,
all of the vapor imn agaumed to exiat in bubbly form. Linea interpolation
fn mars flux 1s ured fa the range of 2000 to 2700 kg/m“s. In the slup
regime the bubble diameter i determined by a linear welphting in a between
the Weber number criterfon and the channel aydraulfc diameter such that the
value I8 the hydraulic dlameter at a vold fractfon of 0.5% and the Weher
numher aize at an a of 0.3,
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In the vapor-fraction range of 0.75 to 1.0, an annular or arnular-umist

regime is assumed. A simple s—-shaped entrainment correlation based on the
critical Weber number is used. Thus,

E=1-exp [(-v, - Vp) 0.23] , (44)

where

(pg = pyloWey
vE - 2.3[ B ]l/é

)
g

This appears to provide reasonable results for the FI.ECHT reflood tests.
The remainder of the liquid is in A film or sheec. The 1interfacial shear
and heat transfer are volume averages of the film and droplet relations in
the annular-mist regime. The wetted surface area of the mesh cell 1is
determined from the rod or slab hecat-transfer area in the cell and the
portion of the geometric flow area that 18 blocked off. If the cell is in
a reglion devoild of any structure, the geometric surface area is used as n
scaling factor. This, of course, is artificial but 1in a realistic PWk
simulation very few, if any, of the mesh cells are completely free of metal
structure. The total intertacial surface area 1s determined by the sum ol
the aveas contained in the wetted film and the droplets. A critical Weber
number <qual to 4 for the drops 1s used with a calculation procedure
similar to that for bubbly flow. This value of the Weber number 1is
appropriate for accelerating drops. For those cnses where sensitivity to
Wod was tested, the results were not influenced atrongly by We, in the
range of 2 ¢ Wod <12, The Hquid=side heat=transfer cocfficient ia simply

UTIR S (45)

where ¢, A constant, has been adjusted to drive the drops to equilibrium
under a varl. 'y of flow condit{onsa. 1n the present code, ¢ = 11300, which
implies a thermal boundary layer in the drops that {s about a thousandth of
the drop diameter. In the film, a correlation

Nu = 0.02 Re (46)

{w employed to predict hy,. The Dukler anmilar flow model!! determines the
shear for a wavy f{lm, wherean the same drap corrvelatfons usned for a bubble
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are employed 1f droplets exist. The Dukler model has a gas Reynold’s
number dependence and is of the form

1 D
?; - Cl lng(E Reg) + C2 . (47)

From the graphical data reported in Ref. 1i, we obtain

C, = 3.04 and C, = -16.16 in rcountercurrent flow and
Cl = 5.73 and CZ m =40,61 in cocurrent flow.

To avoid the discontinuity that occurs as becemes small (the
correlation 1s for turbulent flow anyway), smgorhing is employed in a
transition region. The droplet Reynolds number is defined as

p. . V_.D
Re, = cgrdd (48)
Ve

Becauss the actual relative velocity calculated is based o»n a shear that
has hoen, averaged between the film and drop correlations, a separate
functlion is used for vrd'

o We
h l I’
Vg = 2.3 A

. (49)

R
ng

For the regime hetween droplet and bubbly-slug flov, a linear
fnterpolation {in the vapor fractfon {3 made between the conditions that
would exist {f the wvapor fraction were at 0.75 {in the annular or
annular-mist topology and the conditions that would exist {f the flow were
in the buhbly-rlup regime at a void fraction of 0.5. This assures that the
correlntion for the {interfacial shear, interfacial heat transfer, and
surface area is a continuous function of the vapor fractlion, the relative
velocity, the maas flux, and the various fluid thermodynamic and transport
properties.

An interface sharpener {8 ured in the lower plenum and core of the
three-dimensional veasel to {mprove the liquid distribution during reflood.
Simple vold fraction tests are employed to sense the presaense of a  sharp
mixture density discontinuity. The entvainment model then {8 uned to
predict the vold fraction to be used for convection out of the mesh cell’s
porfitive face. Thia vold fractfon will always he pgreater than or equal to
the actual vold fraction In the celle The interfacial shear constitut fve
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relations are calculated based on this void fraction and the scalar field
equations use this new value in the z-direction convective terms. A cubic
spline is used to merge the charpened a as the mesh cell fills.

We now discuss the vapor~side heat-transfer coefficient and the liquid
heat-transfer coefficient during condensgtion. The vapor heat-transfer
coefficient is a constant, =1 x 10 This implies that the rate for
boiling or condensation is detegmined mainly by the liquid-side coefficient
with a vapor coefficient designed to drive the vapor toward the saturation
temperature. The formulation for the total 11iquid heat-transfer
coefficient during condensation is based on the following model. If a pipe
enters a8 given three-d!mensional mesh cell and the liquid flows 1into that
cell, then a jet is assumed with an a-weighted diameter, a surface area for
condensation based on a right circular cylinder is provided, and h is
given by Eq. (45). If the jet mode! is not activated, the surface area is
the horizontal projectec mesh-cell area if a ¢ 0.5. The h ¢ again is given
by Eq. (45). 1In the void region from 0.75 to 1, the same correlations are
used for both boiling and condensation (area and hil)' A cubic
interpolation connects the regions 0.5 ¢ a ¢ 0.75.

If the noncondensable gas is present, the condensaticn rate is reduced
accerding to the prescription

2
h ap
€ = 0.168 | s__0-1 (50)
hys "o, (T-adpy

where hnc fa the 1liquid interfacial heat transfer coefficient with
noncondensable gas present. Small cutoffs on (l-a) and p, prevent the
denominator from ever beconing close enough to zero to caune alfflcultivs.
This model 1{s based on Russian jet data from Ref. 13 and can dramatically
reduce condensation when a vapor other than steam {s in a region.

1f hot metal surfaces are present in a region, then the flashing rate
is mndified to include the offertﬁ of subcoolnd holling. TIf rods or wlabhs
exist and Ty > T the h, compared to the Dittus-Boelter 1liquid
convective (nnf??riont. %f hw s larper, the differencee fn wall flux
(qsh) is attributed to subcooled bolling and

T ISt B
hlg
In both the vapor contimufty equatfon and the vapor thermal-enerpy
equat fon, the pntrntinlr (", - T ) and (T, - T,) are evaluated at the new
time level, whereas h and h S are vvn?uutﬂﬁ at the old time.
In TRAC-PF] the nﬁv—dimvnnl)nnl components have an additfona! f(low

repime {f the angle from the horizontal fu lers than 0%, A stratifieat ton

criterfon baned on n modified Froude number annlysin  developed by A,
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DuklerlA is used to determine 1If the flow 1s stratified. The critical
velocity Ucrit is calculated as

(pg = Pg) 8 cos B A

R11/2
U = C 51)
crit 2 | by Ay /dhg ] (
h
L

Cz-l——
dA

L 1/2
" (0?2 -(2n, - 2} 112 |

vhere h2 fs the collapsed liquid height (determined by a standard
mensuration formula) and D is the pipe inside dlameter. 1If the absolute
value of the vapor velocity is abhove Ucrlt' the standard flow map 1s
employed. As the vapor velocity goes to zero, the {nterfacial and wall
shear cocfficients are calculated by the Blasfus relation (but based on a
mi nimum turhulent Reynold’s aumber). A cubic &pline employing the
independent varfable ahs (V_ ) connects the two endpoints. This form of
interpolation {8 necessary %o prevent oscillations in flow pattern with the
large time steps often emplayed by the code.

In addition, the hydraulic approximation for the difference in
gravitational head due to collapsed 1i{quld height vaviations is added
exnlicitly into the liquid equation of motion. Because this calculation is
explicit, horizontal monometer osclillations can occur at larger time step
sizes. To prevent this difficulty, the mapnitude of this added term s
reduced as  the time step size {8 increased. This eliminales the spurfous
oscillatfons from occurring.

V. CouNCLUSTONS

Although TRAC-PD2 {s capable of simulating adequately n wide range of
small=break LOCAs, TRAC-PF1 wan sapecifically derigned to ealculate ruch
accident &cenarfos quite efficiently, and 1ts& ure is recommended.
Calcnlations at Los Alamosw  uning this code to model TMI with BO mpacial
nodes have been run anfng 6 min of CDC-7600 computer tlme for each hour of
acrident time. In addition to {ta high computation speed for such
transients, PFl retainae the capabliiftiesn of previous TRAC vernloas to
calculate all  phanes of a large-break LOCA and to model mult fdimensional
effects In the vensel regfon. Thin makes TRAC-PFI uvnquestionably the  most
voraat {le  computer code avallable for the annlysis o translentns (n
pressurized water reactorn.,
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Dukler14 is used to determine 1f the flow is stratified. The critical
velocity Ucrir is calculated as

(py - pg) g cos B A

g11/2 .
i = 1
h
, ¢
@l %
dA
2 2 21172
= {p® -(2n, - ;yH172
dh, (0% =(2hy - 07}

where hz 15 the collapsed 1liquid height (determined by a standard
mensuration formula) and D is the pipe inside diameter. 1If the absolute
value of the vapor velocity is above Ucrit’ the rtandard £flow map 1is
emploved. As the wvapor velocity gces to zero, the interfacial and wall
shear ccefficients are calculated by the Blasius relation (but based on a
minimum  turbulent Reynold’s number). A cubic spline employing the
independent variable ahs (V_) connects the two endpoints, This form of
interpolation 1s nec.usary To prevent oscillations in flow pattern with the
large time steps often employed by the code.

In addition, the hydraulic approximation for the difference 1in
gravitational head due to collapsed 11iquid height variations {s added
explicitly into the liquid equation of motion. Because this cal-sulation is
explicit, horizontal monometer oscillations can occur at larger time step
sizes. To prevent this difficulty, the magnitude of this added term 1is
reduced as the time step size {s Increased. This eliminates the spurious
oscillations from occurring.

V. CONCLUSIONS

Althoupgh TRAC-PD2 {8 ~apable of simulating adequately a wide range of
small-break 1.0CAs, TRAC-V'Fl1 was specifically designed to calculate such
accident scenarios quite efficiently, and 1its use is recommended.
Calculations at Los Alamos wusing this code to model TMI with B0 spacfal
nodes hiave been run using 6 min of CDC-7600 computer time for each hour of
accident time. In addition to 1{ts high computatfon speed for such
transfents, PFl retains the capabilities of previous TRAC versions to
calculate all phases of a large-break LOCA and to model multidimensfong]
effects In the vessel region. This makes TRAC-PFl unquestionably the most
versat{le computer code available for the analysis of transfents in
pressurized water reactors.
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